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Undoped BaTiO3 ceramic samples with an average grain size of ,35 nm were prepared and the
electrical properties investigated. The defect structure is dominated by acceptor impurities;
therefore, the conductivity of nanocrystalline BaTiO3 is of p-type. Comparing with microcrystalline
BaTiO3, the conductivity of nanocrystalline BaTiO3 is about 1 to 2 orders of magnitude higher and
the activation energy remarkably lower, which is ascribed to a greatly reduced oxidation enthalpy in
nanocrystalline BaTiO3 s,0.3 versus ,0.92 eV for microcrystalline BaTiO3d. © 2005 American
Institute of Physics. fDOI: 10.1063/1.1864232g
In the last few years, a number of dense nanocrystalline
oxides, for example, undoped and Gd2O3-doped CeO2 with
an average grain size of ,10 nm,1,2 ,11–36 nm,3 ,26
sRef. 4d and ,30 nm,5 respectively, undoped TiO2 with an
average grain size of ,35 nm,6 and Y2O3-doped ZrO2 with
an average grain size of ,20,7 ,41,8 and ,50 nm,9 respec-
tively, either in bulk form or thin-film form, have been pre-
pared and the electrical properties investigated. Among these
nanocrystalline oxides, the most dramatic property changes
were observed for nanocrystalline CeO2. Comparing with
microcrystalline counterparts, nanocrystalline CeO2 is char-
acterized by an orders-of-magnitude enhanced n-type con-
ductivity and a significantly reduced activation energy. This
phenomenon was explained by a greatly reduced reduction
enthalpy of nanocrystalline CeO2, and the grain-boundary
sites of lower vacancy formation enthalpy were proposed to
be the atomic-level origin of this behavior.1,2 However, Kim
and Maier5 proposed that the higher conductivity of nano-
crystalline CeO2 is due to the electron accumulation at the
grain boundaries. With its comparatively high electronic bulk
contribution and high density of grain boundaries, the grain
boundaries in nanocrystalline CeO2 can become electroni-
cally conducting and dominate the overall behavior.
Nanocrystalline BaTiO3 materials of high density have
also been prepared in thin-film form with an average grain
size of ,25 nm,10 and in bulk form with an average grain
size of ,70 nm,11 respectively, and the ferroelectric proper-
ties characterized. It is found that the ferroelectricity is weak-
ened and the dielectric constant is remarkably lower for
nanocrystalline BaTiO3 ceramics.11 The ferroelectric re-
sponse is even absent when the grain size is 25 nm.10 In
neutral to oxidizing atmospheres, acceptor-doped BaTiO3
shows a p-type conductivity.12,13 In this letter, the defect and
transport properties of nanocrystalline BaTiO3 ceramics,
nominally undoped but actually doped with acceptor impuri-
ties, are characterized, featuring an enhanced p-type conduc-
tivity.
BaTiO3 powder with an average particle diameter of
,10 nm was synthesized through the hydrolytic decomposi-
tion of a barium-titanium-isopropoxide solution in a water-
in-oil microemulsion, consisting of 10.47 wt. % of Tergitol
NP35, 80.70 wt. % of cyclohexane, 6.04 wt. % of 1-octanol
and 2.79 wt. % of ultrapure and degassed water. Since the
reaction is confined to the ultrasmall space of individual
aqueous micelles, this approach allows the formation of
nanopowders.14 The Ti/Ba ratio of the powder was deter-
mined to be 1.0035±0.0004 by x-ray fluorescence spectros-
copy. According to inductively coupled plasma mass spec-
troscopy analyses, the nominally undoped BaTiO3 powder
was actually doped with acceptor impurities smainly 82 ppm
Mn, the others, e.g., Al, Sc, Fe, etc., are below the detection
limitd. The powder was densified by hot isostatic pressing at
860 °C under 200 MPa in nitrogen. The density of the ce-
ramic pellets thus obtain was about 93% of the theoretical
density. Figure 1 shows the transmission electron micrograph
sModel JEOL 4000EX, operating at 400 kVd of the nano-
crystalline BaTiO3 ceramic, indicating an average grain size
of ,35 nm. The high-resolution transmission electron mi-
crograph shown in the inset demonstrates that the grain
boundaries were free of impurity phases. For comparison,
microcrystalline samples with an average grain size of
,5.6 mm were prepared by firing the nanocrystalline
samples at 1100 °C for 2 h.
The electrical properties were investigated by impedance
spectroscopy performed at an amplitude of 100 mV smodel
1260 frequency response analyzer, Solartron Instrumentsd.
Within the frequency range of 0.1 to 107 Hz, normally two
relaxation processes ssemicirclesd were recorded in the im-
pedance spectra of the microcrystalline sample sFig. 2d. In
the order of decreasing frequency, the two semicircles corre-
spond to the impedance responses of the bulk and the grain
boundaries,15 respectively. The impedance spectra were fitted
according to an equivalent circuit consisting of two RQ sR:
resistance, Q: constant phase elementd circuits in series. In
contrast, within the same frequency range only one distorted
arc was recorded in the impedance spectra of the nanocrys-
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talline sample. The arc was fitted by a large high-frequency
semicircle and a small low-frequency semicircle sFig. 2d. In
nanocrystalline materials, the grain boundaries parallel to the
current direction, the contribution of which is negligible in
microcrystalline materials, make considerable contribution to
the impedance.16 The high-frequency semicircle in the im-
pedance spectrum of the nanocrystalline BaTiO3 sample
most probably results from the superposition of the bulk and
the parallel grain boundaries, whereas, the low-frequency
semicircle may come from the perpendicular grain bound-
aries that are still blocking the charge carrier transport across
the grain boundaries. From the intersections of the fitted
semicircles on the real axis, the bulk resistance and the total
sbulk plus grain boundaryd resistance can be obtained, and
then the electrical conductivity is simply L / sRAd. Here L is
the sample thickness, and A the cross-section area. The elec-
trical conductivities of the nano- and microcrystalline
BaTiO3 ceramics measured in pure oxygen sPO2 =10
5 Pad are
plotted in Fig. 3 as a function of temperature. Within the
temperature range of 400 to 700 °C, the conductivity of the
nanocrystalline sample is about one to two orders of magni-
tude higher than that of the microcrystalline sample, and the
activation energy is remarkably lower for the nanocrystalline
sample. After the impedance measurements, the average
grain size of the nanocrystalline sample was checked again,
and it was determined to be ,39.5 nm from the full width at
half-maximum of the s200d peak using the Scherrer formula,
demonstrating no grain growth during the electrical measure-
ments.
As the samples are doped with acceptor impurities, the
principal defect reaction in an oxidizing atmosphere is12,13
VO






0 expS− DHOxkBT D . s1bd
In Eq. s1bd, DHOx is the oxidation enthalpy, kOx
0 the pre-
exponential constant, kB the Boltzmann constant, T the abso-
lute temperature, PO2 the oxygen partial pressure, p and fVO
·· g
are the concentrations of holes sh·d and oxygen vacancies
sVO
·· d, respectively. Owing to the higher mobility of holes, the
conductivity of the nanocrystalline sample is of p-type, as
demonstrated by the oxygen partial pressure dependence
sFig. 4d. Although a similar electron accumulation at the
grain boundaries is expected for acceptor-doped BaTiO3 fas
proved for acceptor-doped SrTiO3 sRef. 17dg, the higher con-
FIG. 1. Transmission electron micrograph of BaTiO3 ceramic with an aver-
age grain size of ,35 nm. The high-resolution transmission electron micro-
graph shown in the inset demonstrates atomically abrupt grain boundaries
with no intergranular impurity phase.
FIG. 2. Typical impedance spectra for nano- and microcrystalline BaTiO3
samples measured at 500 °C in pure oxygen.
FIG. 3. Temperature dependence of the conductivities of nano- and micro-
crystalline BaTiO3 samples measured in pure oxygen.
FIG. 4. Oxygen partial pressure dependence of the bulk conductivity of
nanocrystalline BaTiO3.
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ductivity of nanocrystalline BaTiO3 shown in Fig. 3 cannot
be due to the electron accumulation at the grain boundaries;
this is because of the p-type conductivity of nanocrystalline
BaTiO3.
At 700 °C, both the nano- and microcrystalline samples
were annealed under PO2 =2 Pa for 30 h, afterwards, pure
oxygen was introduced and both samples were annealed in
oxygen for another 30 h. This treatment caused a weight gain
of ,0.023 wt. % in the microcrystalline sample, whereas
,0.098 wt. % in the nanocrystalline sample. This phenom-
enon suggests that the KOxsTd value of Eq. s1bd is higher for
nanocrystalline BaTiO3, which may be due to a smaller oxi-
dation enthalpy for nanocrystalline BaTiO3. From Eq. s1bd,
one readily gets p,exps−DHOx/2kBTd. In addition, the mo-
bility m,exps−DHm /kBTd, so that the conductivity s
,expf−sDHOx/2+DHmd /kBTg as s=epm; therefore, the ac-
tivation energy for the p-type conductivity Ea=DHOx/2
+DHm. In these equations, DHm is the migration enthalpy of
holes, and e the elementary charge. For microcrystalline
BaTiO3, DHOx was determined to be ,0.92 eV.12 Assuming
that DHm is similar for micro- and nanocrystalline BaTiO3,
one estimates DHOx to be ,0.3 eV for nanocrystalline
BaTiO3 from the activation energies for the bulk conductivi-
ties given in Fig. 3. This indicates an amazing reduction of
the oxidation enthalpy. A smaller DHOx for nanocrystalline
BaTiO3 naturally results in a higher hole concentration and
higher p-type conductivity.
Nanocrystalline BaTiO3 is supposed to consist of ferro-
electric grains and nonferroelectric grain boundaries.11 Usu-
ally the grain boundaries are suggested to be cubic or
pseudocubic.18,19 Owing to the very high volume fraction of
the grain boundaries in nanocrystalline materials, nanocrys-
talline BaTiO3 presumes a pseudocubic structure even at
room temperature, according to x-ray diffraction analyses.
The grain-boundary region is expected to be distorted, which
may facilitate the defect reaction given in Eq. s1d si.e.,
smaller DHOxd. At nanometer scale, the defect thermodynam-
ics of BaTiO3 is most probably dominated by the grain
boundaries.
In conclusion, the p-type conductivity of nanocrystalline
BaTiO3 is about 1 to 2 orders of magnitude higher than that
of microcrystalline counterparts, and the activation energy is
lower. This phenomenon can be explained by a significantly
reduced oxidation enthalpy of nanocrystalline BaTiO3.
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